The pion photoproduction due to the magnetic moment of nucleon is shown to possess a property similiar to rcN scattering. The magnetic multipole amplitudes J.v!l± are found to be related to the corresponding rcN scattering amplitudes fl± as The proportionality relation is obtained also for the case of electric multipole radiation. The full amplitudes for pion photoproduction are expressed in terms of the amplitudes of the processes rcN-"?rcN and rcN-"?"fJN without any freely adjustable parameter. Numerical results for differential cross sections and polarizations agree fairly well with the experimental data in the wide energy range 180'"'-'1000 MeV. § l. Introduction
The amplitudes of the TC meson produced by a low energy photon have· been calculated by Chew, Goldberger, Low and Nambu 1 ) by using the dispersion relation. They derived the relation (CGLN relation) that the amplitudes M 1 + of the photoproduction is proportional to that of the P 33 wave for rrN elastic scattering. But in a higher energy range including the second and third resonances, the pion photoproduction have hardly*) been theoretically investigated, because four or five resonances are expected to contribute to the production amplitudes and the inelastic channels give rise to complicated effects. Recently Chau et al. 3 ) calculated the amplitude of pion photoproduction by the phenomenological method for the energy range 535"-'850 MeV. They showed that the photoprocluction amplitudes can be expressed by the sum of two terms with many adjustable parameters; the one is a background term independent of the energy while the other is proportional to the rrN elastic amplitudes. Furthermore, according to their results, it seems that the pion photoproduction is closely related with rrlv elastic scattering in those energy range and that the idea of the CGLN relation for P 33 wave may be applied to the other partial waves.
scattering and r-rr: production amplitudes is valid for any wave with arbitrary angular momentum and for the wide energy range such as those from the reproduction threshold to 1 Ge V. The CGLN relation was derived from the fact that the dispersion relation of the pion photoproduction has the same form as that of rr:N elastic scattering. However, the solution of the dispersion relation is not unique and consequently the photoproduction amplitude is not necessarily proportional to the nN elastic amplitude. In spite of these situations, the CGLN relation agrees well with the experimental data in the low energy range. The reason for this agreement is that the interaction of pion photoproduction is very similiar to that of nN elastic scattering. In !?articular, a magnetic multipole radiation has the same parity as that of a rr: meson with the same angular momentum. Accordingly, when a nucleon absorbs the magnetic multipole radiation, the nucleon receives the same angular momentum and the same parity as those in the case of the corresponding nN elastic scattering. In addition, the final state interaction of the pion photoproduction is exactly the same as that of nN elastic scattering. Thus, it may be conjectured that the partial wave amplitudes of the magnetic transition should be proportional to rr:N elastic amplitudes for all partial waves.
We shall examine these situations in detail, and derive a set of relations between the photoproduction amplitudes and rr:N scattering. It will also be shown that the proportionality relation is valid not only for the cases of magnetic multipole radiation but also the cases of electric radiation. According to our results, the amplitudes of the pion photoproduction can be expressed in terms of the amplitudes of the reactions nN->nN and nN->r;N without any free parameter (see § 4) . Angular distributions and polarizations are calculated in the photon energy range 180r"-./ 1000 MeV in the laboratory system. The results agree fairly well with the experimental data in spite of no freely adjustable parameters and a wide energy range (see § 5). § 2. Relations between magnetic multipole transition and n N scattering In dealing with the various kinds of hadrons, there are, roughly speaking, two different viewpoints.
(I) The so-called democracy of elementary particles. Namely every hadron, regardless of its stability for strong interaction, should be treated as equally fundamental. According to this viewpoint, any scattering amplitude should include even contributions from Feynman diagrams where some resonant particles occur, in addition to the contributions from stable particles in intermediate states.
In such a consideration, coupling constants of each hadron should be treated as unknown parameters which should be determined from the experimental data.
( In the present paper the second viewpoint will be adopted because the first one will necessarily needs a number of parameters (for example many unknown coupling constants mentioned above), and there seems no theoretical basis for the determination of these arbitrary constants. Thus the only way to determine these constants is to choose them in such a way as to get a best fit of the calculated results to experimental data. Almost all the articles 2 l so far published on the photo-pion-production may be said to belong more or less to this kind of approach. Therefore in what follows the second viewpoint will exclusively be adopted together with the definition that all the stable particles (when weak and electromagnetic interactions are neglected) are elementary particles. Thus the contributions from pions and nucleons in the intermediate states are enough for the investigation of the r-n processes in the energy range 180rv 1000 MeV, since the strange particles may give a negligibly small contribution.
Let us compare the Feynman diagram of nlV scattering with that of the r-n process where the photon is absorbed by the anomalous magnetic moment*l of a nucleon. Any diagram representing the r-n process can be derived from the corresponding diagram of nN scattering by replacing the n-N interaction with the electromagnetic interaction due to the anomalous magnetic moment (see Fig. 1 ). The interaction due to the anomalous magnetic moment is represented Fig. 1 . Examples for the diagram of rcN scattering and its corresponding diagram of rrc production.
*) In this section since we are only concerned with the transition due to the magnetic moment of a nucleon, the absorption of a photon by a charged pion may be excluded. The latter effect will be taken into account in § 4 by a different approach.
by the following Hamiltonian:
where F""v denotes a electromagnetic field tensor, M is a nucleon mass, e 2 / 4n = 1/137, fiv = 1.853, /1,~ = -0.06 and r 3 is an isospin matrix. On the other hand, the strong interaction Hamiltonian is given by (2· 2) wheref 2 /4n=0.077 andJnisapion mass. In the static limit (pj(EP+M)<{1) the expectation value of Hanom is very similiar to that of I-L~:
where Xa, Xb denote the spin wave functions of nucleon, H is a magnetic field and q is a c.m. momentum of pion. Now recalling the perfect analogy between the diagrams of nN scattering and pion photoproduction mentioned just above, and taking account of the expressions (2 · 3) and (2 · 4), we are led to the following expressions*) for each reaction amplitude:
m which are exactly valid provided the graphical consideration is approved (c.£.
Appendix 1).
Here <nNj VJN) is a vector representing a sum of the contributions from all the diagrams of nN scattering (or r-n production) in which the incident n-line (or incident r-line) is removed. Thus the matrix elements <nNj VJN) and <nNI VJN') have the same form except for the little difference of the incident momentum of nucleon. Therefore, by decomposing it into partial waves this reaction amplitude is rewritten as a sum of the reduced matrix elements of V (the detail of this laborious calculation is given in Appendix 2.):
In deriving the above expressions we have assumed that the internal nucleon line which absorbs the incident photon or pion can be considered as a real line (in the sense of the old perturbation) satisfying approximately the conservation of energy. The reason for this is that the energy of the incident particle (which have the c. m. momentum below 500 MeV I c) justifies the validity of the above assumption (p/ EP + M<:;.l) and it is easily understood that the contribution from the virtual pair of nucleons can be neglected for such a range of energy.
where 1\it:;om and f~± are the amplitudes of magnetic multipole transition and nN scattering respectively, l ± denotes J = l ± 1/2, { } is a 6-j symbol and 
where g=2Mjjnz (g 2 /4n=14.5). This equation 1s obtained by using the approximation*) that the c.m. momentum k of the photon is put equal to the c.m. momentum q of the pion (pion mass being neglected). In the vicinity of the threshold energy of the incident particle, the pion mass cannot be neglected and consequently the above relation (2 ·10) should be modified by a factor (k/ qy (which is approximately unity for the moderately high incident energy) as
The line of discussion stated above may be applied to the isoscalar part of magnetic moment. In this case, the photoproduction amplitudes must be compared with those of the reaction IJ + N~n + N, where the strong interaction Hamiltonian for IJ meson has the same form as the isoscalar part of the electromagnetic interaction:
Relations between Pion PhotojYroduction and nN Scattering
By the same procedure as in the case of the isovector part, we obtain the final result*) (2 ·13) where M 1~) is an isoscalar magnetic multipole amplitude, fzl is a physical amplitudes of r; + N->n + N and gJNr;/ 4rc is equal to 4.1 from the result of the analysis of rc + N->r; + N in reference 4). Here the values fzl are equal to the amplitudes of the reaction rc + N~r; + N on the basis of the time reversability, which have been given in reference 5).
The transition amplitudes by the normal magnetic moment can be calculated by the same method. Adding this contribution, we obtain the following final result which is a generalization of the CGLN relation:
where I denotes the total isospin in rcN system. § 3. Electric multipole transition induced by anomalous magnetic moment
Since the electric l-th pole radiation have the natural parity ( -1Y, the same line of argument as those of § 2 cannot be applied without any modification to the present electric radiation. In spite of this different parity between the electric and magnetic radiations, there is still no difference with respect to the final state interactions between both cases, i.e. the electric type r-rc production and n-N scattering. Of course the electric transition is more difficult to be dealt with as compared with the magnetic case. The more detailed investigation**) shows that this difficulty seems to be caused by a mixing of a couple of scattering amplitudes with different parities. However, if one makes use of some approximation, namely, if one takes account of contributions from only diagrams of some particular type (see Fig. 2 ), then the above-mentioned fact concerning the final state interaction allows us to express the electric multipole amplitudes due to the interaction of the anomalous magnetic moment in terms of the rc-N scattering amplitudes.
In the case of nN scattering, the diagrams of as \Vas shown in the paper of Che,v 6 l where the crossed diagram and its repetition are evaluated. This fact shows that the present approximation, namely, taking a sum of contributions from all the diagrams in Fig. 2 gives a fairly close approximation to the true physical amplitudes. The transition matrices corresponding to these diagrams satisfy the following relations both of which depend upon a matrix U corresponding to rcN scattering :*l
where B denotes a Born term (on and off shell), p/ and h 1 are incident fourmomenta of nucleon and photon in the r N system, p 1 and q 1 are momenta of nucleon and pion in the rcN system respectively. Equations (3 ·1) and (3 · 2) are rewritten by using the virtual massers Mx = vp 0 2 -p 2 and mx = J q 0 2 -q 2 as follows :**l
*l Here the matrix element of U is a function of the initial and final momenta (both off and on shell states should be considered). The difference of Tn:N and U is that the former is an approximation to the latter with on-shell-momenta while U is an exact matrix element of rcN elastic scattering (on-shell or off-shell). 
Neglecting the contribution of antinucleon in the intermediate state (it means that we put the expression (3 · 5) in place of the numerator of the nucleon propagator in (3 · 3) and (3 · 4)), we can decompose the transit-ion matrices into a diagonal sum with respect to the total isopin I and the total angular momentum J=l± 112:
Here E/t_anom and f/~ are Born amplitudes of electric multipole and -;rJV elastic scattering with the final virtual masses m.v and Mx respectively. The Born amplitudes will be calculated exactly in Appendix 3. From the results of Appendix 3, it is seen that the ratios E(~anom(I)Ifz~<I) are nearly constant for the variation of Mx and mz as shown in Table I . Since the integrand of (3 · 6) and (3 · 7) become very largely near the physical mass, the above-mentioned independence of EB I fn from the mass variables allows us to rewrite (3 ·G) by means of (3 · 7) as follows:
where
Using the same procedure, we obtain the following relation for the magnetic multipole amplitudes MtJ:'om(l):
where DzCf:) (W) = M/i;anom(I) (vV) I .fz~Cl)(W). In the static limit, the value D 1 Cf:)(W)
becomes (see Table I ) (3 ·10) For the interaction due to electric current, the ratio of Born terms of r-n process and nN scattering varies very largely for the variation of ?nx. Therefore the method of this section cannot be applied to the current-type interaction which will be dealt with in the next section. § 4. Full amplitudes of pion photoproduction
The photoproduction amplitudes produced by the electric charge have a contribution from the pion exchange term. This kind of contribution is, in general, important and especially for a low energy photon, it becomes the main part of the photoproduction amplitudes. From the discussion of the previous section, since this part cannot be given by the generalized CGLN relation, it is necessary to find a method of evaluation of this part.
Fortunately as the pion mass is small, this interaction is very peripheral. Therefore, the effect of the strong interaction for this case is perhaps dominated by the final state interaction. In fact, the pion photoproduction near the threshold is ·well reproduced by the Born amplitude due to the electric charge. Thus we adopt the Born amplitude with a modification by the final state interaction as follows: Summing up the transition amplitudes caused by the electric charge and magnetic moment, we obtain the full amplitudes for the pion photoproduction as follows: 
The cross section for an unpolarized photon is given by pb pb 0°--30° -6oo--900-120°-~0~0 00 The experimental data are cited from references 10).
(5·9)
The polarization P({)) of the final nucleon is Here we have made use of the partial wave amplitudes of nN elastic scattering given in references 7). These results agree with the experimental data fairly well in spite of the fact that there is no arbitrarily adjustable parameters. § 6. Discussion
From the experimental data the backward cross section for r-n production is small and uniform for the variation of the incident energy. It probably means that the sum of the electric and magnetic multipole amplitudes for resonant wave vanishes at Oc.m. = 180°. Therefore the following relation may hold for each partial wave:
From the results of this paper, the ratios Et- 
These numerical values (6 · 2) agree with the relation (6 ·1) within 30%. However, the small differences between (6 ·1) and (6 · 2) give large effects for the calculated angular distributions. The inagreement shows that the calculation of the electric multipole amplitudes is insufficient. In order to improve this inagreement, it may be considered that the coefficients Ct<.I) of the proportionality relations are varied as free parameters.
According to the results of this paper, we can predict the angular distributions for photon-neutron scattering. In our treatment, the isoscalar part is expressed by the sum of Born term and the r;N production amplitude. The amplitudes of nN~r;J.V have no resonances in the D 13 , D 15 and F 15 waves (see solution 3 in reference 5)). Therefore, the angular distributions r + n->n° + n (or r+n~rr-+J-:>) will perhaps be very similar to those of r+P~n°+p (or r + p~n+ + n) in the energy range 800""' 1200 J\!Ie V. In order to examine this prediction, we hope that the experiments on r-n scattering will be performed.
relations may be obtained more easily and in a convincing way by means of the perturbation approach. Of course, we are very sceptical of the applicability of the perturbation method to the strong interaction, but if we are concerned only with the correspondence between any mathematical expression derived by the perturbation method and a corresponding diagram, and if the problem of the convergence is not the subject of our discussion, we can say that the graphical consideration is essentially equivalent to the method of perturbation. The graphical approach is, from the heuristic point of view, a very powerful tool for the derivation of equations in an intuitive way and it is said that the recent theory of the strong interaction is based on this approach. Therefore it may be granted to apply the perturbation method to the derivation of the graphical analogy of r-n process with nN scattering.
The transition matrix elements are given by the perturbation theory:
(Al·l) ( Al· 2) where P denotes the time-ordered product and y is the coordinate of the point where the incident photon (or pion) is absorbed by a nucleon-line (c.f. the footnote on page 602). Using the explicit form of the interaction Hamiltonian (2 ·1) and (2 · 2), we obtain (Al· 3) where a is a sufix corresponding to the isospin state of incident pion. In the static limit (pj EP + M <I), the above equations become (AI· 6)
Relations between Pion Photoprodu ction and nN Scattering
Since the interaction Hamiltonia ns are invariant with respect to the spacerotation, the common factor between (AI· 5) and (Al· 6) transforms as a vector. When we represent this common factor by V, Eq. (AI· 5) and (AI· 6) become,
T,.N=if q·<nNIVI N). (AI·8) m
Thus we have arrived at the final results stated m § 2.
Appendix 2 (a) Decomposi tion of the nN scattering amplitudes into partial waves
In the system of two free particles n and N, the eigenfuncti on of the total angular momentum J and the orbital angular momentum l is given by the spherical harmonics Ylnt and spherical Bessel function jl as follows:
with the normalizati on condition
where Us is the spin wave function. Let us calculate the expectation value of transition matrix (2 · 6) using the wave function (A2 ·I). The partial wave amplitudes fl± become fl± =if <ZI/2; JJ.vlj V· qlll/2; JM),
rn which can be rewritten by using the usual reduction formula (A2 · 5)
where {J, (, 1 { 2 } denotes the 6-j symbol/ 1 > and l' takes only the value l-1 or
The operator V is divided into a spin non-flip part and a spin flip part as follows:
( A2· 6) where Va and V11 depend only on the orbital part. Then, the reduced matrix element of V becomes by using the usual reduction formula
x { J, ~~~ ~ } CZII Voll r) (1/2lloll1/2),
1
where J l~ i~~ ~~~ is a 9-j symbol. Since (1/2lloll1/2) is equal to .)6, Eq. (A2 · 7)
1 1
is rewritten as
If we substitute (A2 · 8) into (A2 · 5) and sum with respect to J', we obtain
where we have used the relation with 6-j and 9-j symbols (see reference 11)). The reduced matrix element of Va is expressed in the form
(See Eq. (A2 ·1) .) According to the assumption of § 2 that the exchanging particle is the nucleon, this range is smaller than 1/ M. Therefore, the integral of (A2 ·10) involves mainly the contribution from the region qr<q/ M. In the energy range discussed in this paper, as q/ M is small-er than 0.6, the spherical Bessel function of order l + 1 is negligibly small compared with that of order l-1 (see Table II ). Thus, the scattering amplitude fL± becomes 
(b) Decomposition of pion photoproduction a;nplitudes due to the magnetic moment
The photon field is expanded into a sum of electric and magnetic multipole radiations each of which has a definite angular momentum and parity as follows: 
where Tis the transition matrix of photoproduction. Equation (2 · 5) is expressed by the polarization ( of photon as follows:
Since E a corresponds to the anihilation of a photon, the factor of the right-hand side of (A2 · 23) is rewritten as where r a and r 13 are the isospin matrices, a and (J are the isospin states of initial and final pions respectively. The amplitudes for the eigenstates of the total isotopic spin are represented by the follo-vving relations:
By usmg the usual notations 11 l f 1 and f 2 , the partial wave amplitudes fl± are related as follows: Here lV is a total energy, z =cos() and (A3·8) 
where a=2lqil·lq 1 l and (3=2EiJ-m:/+q/-m/. By using the orthogonality of Legendre polynominals, the partial wave amplitudes are given by
Let us consider the following functions u~, and Vz:
The explicit forms of Uz and Vz are shown in Table III . 
Then we obtain the partial wave amplitudes as follows (for Z>2):
Relations between Pion PhotojJroduction and rcN Scattering

(b) Born amplitude of jJion photojJroduct£on
The transition amplitude is expressed by the four invariant amplitudes 
where P= (Pi+ jJ 1 ) /2 and E is a polarization of the photon. For the Born-type 
Let us introduce the amplitudes hr, h 2 , h 3 and h 4 which are related with the usual amplitudes F1. F 2 , F 3 and F 4 defined in reference 1), in the following way: 
